Planar silicon dioxide optical waveguides were deposited by use of a plasma-activated reactive evaporation system, at a low deposition temperature and with reduced hydrogen contamination, on thermally oxidized silicon wafers. The deposited films show a refractive-index inhomogeneity of less than 0.1%, a thickness nonuniformity of less than 5%, and a material birefringence of approximately 5 ϫ 10
Introduction
In this paper we report the fabrication and characterization of silica-based optical waveguides on helicon-activated reactive evaporation ͑HARE͒ deposited films by use of buffered hydrofluoric acid ͑HF͒ etching for rib waveguide formation. The principal aim of this work is the fabrication of silica-based waveguides at low temperatures and with low transmission loss across the 1310 -1550 nm wavelength range that spans the 1300-and 1500-nm windows used in long-distance optical fiber transmission systems. The characteristics of the HARE plasmaassisted deposition system were previously investigated. [1] [2] [3] [4] The main characteristics include a low substrate temperature ͑Յ200°C͒ during deposition and a process that is, in principle, hydrogen ͑H͒ free. Both features are highly desirable for modern optical device fabrication.
The low deposition temperature allows the deposition system to be used as either the initial process or a postprocessing step for device fabrication, thereby increasing the range of its potential application in integrated circuit technology. In silica-based waveguides H contamination is an impediment to the use of a wide spectrum of wavelengths for telecommunications applications. This impediment occurs because of a high attenuation peak, related to OH stretching in silica-based materials, that is located at a wavelength of ϳ1385 nm, 5 which lies between the main telecommunication windows at 1310 and 1550 nm. For optical fiber systems this contamination problem was recently greatly reduced. 6 However, for silica-based planar waveguides, the current solution to the problem of minimizing the absorption related to OH stretching is a thermal postdeposition treatment, or annealing, at high temperature, 5, [7] [8] [9] and this is not a satisfactory procedure for postprocessing purposes.
In the HARE deposition system, using very pure solid sources for silicon and the doping material greatly reduces the introduction of H into the system during processing. Additionally, the high-density plasma used in the deposition process allows the HARE system to grow silica-based films that are stable and dense enough to avoid H contamination after processing in ambient conditions. 4 Straight rib waveguides were defined by HF etching in the HARE-deposited films for measurements of transmission losses. The formation of simple structures, like straight ribs, by means of a buffered HF etching technique presents several advantages when compared with the plasma etching process. These include relative simplicity, potential low cost, and smooth rib sidewalls, despite the resulting trapezoidal cross section. Preliminary loss measurement results are presented and discussed in Section 4.
Film Deposition
Waveguiding structures were fabricated on a commercial 4-in P-type ͗100͘ Si substrate covered with a thermal silica ͑SiO 2 ͒ layer ϳ4.8 m thick. SiO 2 ͑Ge-doped or undoped͒ core layers were deposited by the HARE plasma-enhanced chemical vapor deposition system at a low substrate temperature ͑Յ200°C͒, using a commercial three-crucible electron gun ͑JEOL, JEBG-303UA͒ configuration with solid sources of Si and Ge ͑99.999% pure͒ located in separate carbon crucibles. The solid source materials were evaporated by a 10-kV electron beam ͑e-beam͒ in an oxygen-argon radio-frequency ͑rf ͒ plasma operating at 13.56 MHz. The pressure, rf power, and O 2 -Ar flow rate conditions were 1.0 m Torr, 800 W, and 32 SCCM͞4 SCCM ͑SCCM denotes cubic centimeters per minute at STP͒, respectively. The residual pressure in the deposition chamber before deposition was ϳ2 ϫ 10 Ϫ6 Torr. The evaporation rate for each source ͑crucible͒ was independently controlled by the e-beam current. To minimize the film contamination with residual H during deposition, we performed the predeposition procedures previously described in Ref. 4 . For our samples, the deposition rate was in the range 20 -30 nm͞min. In some films, the option of Ge doping was taken to check the feasibility of refractive-index control and its effects on film characteristics. For undoped SiO 2 deposition, the crucible with Ge was replaced with a crucible of Si. No upper cladding was deposited on these waveguides. Four samples were deposited with different core thicknesses and used for rib waveguide fabrication. The thickness ͑t͒ and refractive index ͑n͒ of each film was measured by a Metricon 2010 prism coupler and a Woollam WVASE ellipsometer. A SCI Filmtek 4000 mapping reflectometer was used for measuring the thickness uniformity and refractive-index homogeneity of the deposited films across a 16-cm 2 area on the reference wafers. The thickness nonuniformity, ␦t ϭ ͑t max Ϫ t min ͒͑͞t max ϩ t min ͒, and the refractiveindex inhomogeneity, ⌬n͞n ϭ ͑n max Ϫ n min ͒͞n, were calculated with the maximum and minimum values found in the mapping measurements. Table 1 shows the characteristics of the deposited core layers ͑samples A-D͒ and of the thermal growth buffer layer.
The accuracy of the run-to-run refractive-index reproducibility was estimated to be Ϯ0.001. For thickness, the run-to-run reproducibility can be controlled by the in-situ ellipsometer measurements. 10 The thickness nonuniformity and the refractive-index inhomogeneity measurements ͑1%-3% and 0.7%-1.7%, respectively͒ [7] [8] [9] obtained for the HARE deposited films are close to the range reported in the literature for chemical vapor deposition silica-based films.
Samples A and B were Ge doped during deposition with a Ge-Si atomic rate of ϳ1%. The film stoichiometry and Ge concentration in the deposited films have been previously studied, 3 and for our conditions of deposition, the SiO 2 films are nearly stoichiometric. For this Ge concentration, the refractive index increase is approximately 0.002 higher at a 633-nm wavelength than that measured for the undoped films.
The birefringence ⌬n TM Ϫ TE is the measured difference between the TM and the TE polarizations of the fundamental mode in the rib in the deposited HARE silica-based films, and it probably results from stress asymmetry in the films. According to the literature, a typical birefringence for CVD silicon dioxide is approximately 1 ϫ 10 Ϫ3 , 7-9 which could be related to the extrinsic stress in the film that is due to the difference between the thermal expansion coefficient of the thick Si substrate and the thin silicabased films. Given the low deposition temperature in HARE, we would expect negligible extrinsic stress. However, low-pressure, high-density plasma deposition processes are often associated with intrinsic stress, which is directly related to the plasma parameters. 11, 12 Although Table 1 shows that our four samples present a birefringence that is smaller than 1 ϫ 10
Ϫ3
, the values cannot be ignored if practical waveguides and devices are to be fabricated by use of this technique. More specific experiments need to be carried out to provide insight into the microscopic structure of the deposited material.
We confirmed that all deposited slab structures are single mode in the 1310 -1550-nm wavelength range by using numerical analysis 13 with the parameters from Table 1 .
The content of the OH radical in the deposited films was analyzed by a Nicolet impact 400 Fouriertransform infrared ͑FTIR͒ spectrometer. The FTIR analysis for the undoped and Ge-doped deposited films did not show the typical absorption bands for O-H and Si-OH vibrations around 3500 and 950 cm Ϫ1 , 14 -16 respectively. Figure 1 shows typical FTIR spectra for a 438-nm-thick SiO 2 film deposited on a Si substrate and measured minutes after deposition and after 100 days of exposure to ambient. No difference was found between the two spectra. The formation of OH radicals in the film during this period was below the limit of detection ͑Ͻ1%͒ of the FTIR technique. 14 The long-term stability of the deposited films is attributed to the high-density film achieved under this deposition condition. 1, 4 A scanning electron microscopy ͑SEM͒ analysis of the deposited films showed a low density of small ͑1-10-m͒ defects ͑drops of Si͒, which are probably related to the evaporation process control ͑e-beam power, scan and soaking-evaporation period͒. Additionally, the density of light spots observed on the slab structure, when excited with red light, is larger than the density of particles seen by the SEM analysis. This suggests that the presence of defects within the film are too small to be detected by SEM. The control of the density and diameter of these defects is currently under investigation.
Waveguide Fabrication
For rib waveguide fabrication the HARE-deposited films were photomasked in a Karl Suss MJB-3 UV300 aligner, by use of a chrome mask with straight lines 6 m wide and 6 cm long in a standard lithographic process. The chemical etching of the rib waveguides was carried out at ambient temperature by use of a buffered HF solution ͓HF͑40%͒: NH 4 F͑40%͒ ϭ 1:7͔, followed by a rinse in deionized water. The etch depth ͓rib height ͑h͔͒ shown in Fig.  2 was determined in each sample so that only the fundamental mode is transmitted in the 1310 -1550-nm wavelength range. Analysis of the rib cross sections confirmed the single-mode property for the trapezoidal slopes. The HF etch rate of the deposited films was ϳ100 nm͞min. After etching, the hexamethyldisilazane photoresist remaining on top of the rib waveguides was removed with an isopropanol ͑IPA͒ solution ͓IPA:NH 4 OH:H 2 O ϭ 90:5:5͔. 17 The morphology of the etched structures was investigated by SEM and a Tencor Alpha-Step 200 surface profilometer. The roughness parameters of the surface and sidewalls were also measured by a Digital NanoScope atomic force microscope ͑AFM͒ working in contact mode in air at room temperature. Table 2 shows the resulting rib geometry in cross section. The rib width ͑w͒ was measured at half the height, whereas the root mean square ͑rms͒ roughness ͑͒ was measured along a 5-m-long line of the rib length. An appropriate plane-flattening filter was applied to the scanned image ͑selected area of 5 ϫ 1 m 2 from the original 15 ϫ 15 m 2 scan area͒ to filter out the tilt bow and wave caused by the scanner. The estimated error in these measurements is ϳ10%.
For the same conditions of measurement and analysis, the Si substrate and the thermal SiO 2 buffer layer present rms roughness values of 0.7 and 2.0 nm, respectively, showing the low roughness achieved on the rib sidewalls with the wet etch. A typical trapezoidal shape of the etched rib waveguide is shown in Fig. 2 . Figure 3 shows the measured rib profile for each sample.
The different rib profiles shown in Table 2 and Fig.  3 correspond to the different etching times and to the Fig. 1 . FTIR spectra of a 438-nm-thick SiO 2 film deposited at 800-W rf and taken ͑a͒ 10 min after deposition ͑in ambientsaturated with N 2 ͒ and ͑b͒ after 100 days of exposure to atmosphere ambient. inaccuracy in the reproducibility of the photolithographic process.
Waveguide Loss Measurements
We now present preliminary loss measurement results for the fabricated rib waveguides and compare them with the predictions of theoretical models for the different loss mechanisms.
A. Loss Mechanisms
The total loss of a mode propagating along a straight planar waveguide is due to three mechanisms: 18, 19 scattering, absorption, and radiation. The contribution of each mechanism depends on the waveguide geometry, its internal structure, and the source wavelength.
Scattering losses for an amorphous waveguide involve the sum of two contributions: interface scattering, which is due to the interface roughness, and volume scattering, which is due to local fluctuations in the refractive index that arise from density and compositional variations. 18, 20 Although they have relatively smooth interfaces, our rib waveguides have a high refractive-index contrast between the Ge-doped silica and air on the upper cladding interface ͑⌬n ϳ0.5͒ and the sloped sidewalls, resulting in increased surface scattering compared with the low-index contrast commonly found in buried channel waveguides. 21 Absorption losses in amorphous dielectric films, such as SiO 2 , are generally negligible compared with scattering losses unless contaminant atoms, such as H, are present. 18, 22 The presence of H, as OH bonds, in our samples was investigated by FTIR spectrometry in deposited films, and broadband spectrum attenuation measurements were performed by an optical spectrum analyzer ͑OSA͒ in the rib waveguides.
There is no radiation loss for a mode propagating along a straight rib waveguide in which the core ͑rib͒ region is surrounded above and below by materials with lower refractive indices. This is the situation here; that is, the ribs are in air, and the thermally oxidized silicon wafer below has an index at its surface that is lower than that of the HARE silica rib material. However, because of the finite thickness of the buffer layer, radiation ͑leakage͒ into the highindex substrate ͑Si͒ occurs. For our rib waveguide parameters, this leakage becomes the most significant source of loss for near-IR wavelengths.
B. Experimental Results
Our experimental setup for measuring transmission loss through each rib is based on a butt coupling method, 23 using a single-mode fiber to launch power from a light source at the cleaved edge of the rib and to collect power from the rib output in a detector.
An Exfo, Inc., IQ-203 optical test system was used to measure the loss at wavelengths of 1310 and 1550 nm. It consists of laser-diode sources ͑IQ-2100͒ and a powermeter ͑IQ-1200͒. A fiber polarization control device attached to the input fiber controlled the polarization selection of the input power. Owing to high polarization-dependent loss at TM polarization, which originates from material birefringence and rib geometry, the loss measurements were carried out only in the predominantly TE polarization. The experiments did not show any change in the state of polarization of the guided mode in the ribs, as would be expected if the waveguides were uniform along their length. We determined the transmission loss by cleaving the original sample into sections of different lengths and subtracting the coupling loss. No index-matching fluid was used in this work. The coupling loss for TE polarization was estimated to be ϳ3 dB per facet for all samples, except for the 2.5-m-thick core at 1310 nm, for which it was ϳ4 dB per facet. The high coupling loss is attributed to mode profile mismatch and reflection losses at the fiberto-rib interfaces. The results for transmission loss measurements at wavelengths of 1310 and 1550 nm are shown in Fig. 4 . The accuracy of these measurements is limited by the reproducibility of the coupling loss in different samples. 5 In our case the error is estimated to be Ϯ0.3 dB͞cm.
For measurements of the OH absorption peak in the 1385-nm wavelength transmission region, a Hewlett-Packard 70951A optical spectrum analyzer with an unpolarized broadband light source was used to excite the guided modes in the rib waveguides. The measurements were performed for wavelengths ranging from 1200 to 1600 nm, using a multimode fiber to collect the rib output power. The best result obtained is shown in Fig. 5 . Despite the fact that 4 were applied and that the FTIR measurements did not show the presence of OH stretching in the deposited films, the OSA measurements show the presence of the characteristic OH attenuation peak at the 1385-nm wavelength. This attenuation peak, an additional loss in the sloped loss plateau from 1310 to 1550 nm, was estimated to be ϳ1 dB͞cm. Preliminary investigations suggest that the amplitude of the OH attenuation peak is directly related to the wall state of the HARE reactor chamber during deposition: The e-beam and plasma processing chambers walls are covered by highly porous material ͑mostly Si in the e-beam chamber and SiO x in the plasma chamber͒, which can easily be sputtered by the plasma during deposition. 24 Moreover, the absence of load locks for the two chambers means that the walls undergo frequent exposure to ambient atmosphere and water adsorption during crucible refilling and substrate replacement. Plasma-induced reactions at the walls ͑water desorption, sputtering, etc.͒ do occur, and monitoring the hydrogen optical emission line at 656 nm clearly shows that residual hydrogen is present in the plasma. Procedures to partially remove the film deposited on the sidewalls, together with the predeposition step mentioned before, were sufficient to reduce the H contamination in the deposited films to below the FTIR sensitivity. 4 A second mechanism through which H could be incorporated into the silica-based deposited films would be by postdeposition; i.e., by ex situ exposure to atmospheric water vapor that diffuses into unprotected films and reacts to form OH radicals. 14 This postdeposition H contamination would be so small that it would not be detected by FTIR 4 but high enough to present the characteristic OH attenuation peak in the transmission spectrum. To explore these possibilities, new mechanical procedures for cleaning the chambers between consecutive depositions are being developed and the relation between H contamination and residual material will be checked in future experiments. Finally, no relation was found between Ge doping and the absorption peak at the 1384-nm wavelength.
C. Analytical and Numerical Modeling
To quantify the different loss mechanisms contributing to mode transmission loss in our samples, we use appropriate analytical expressions for scattering and leakage losses. These expressions are derived for our rib waveguides and, because they are based on expressions for guided modes in perfect slab waveguide structures, have a semiquantitative character.
An analytical expression for leakage loss due to radiation into the high-index substrate is given in Eq. ͑1͒, as derived by Stutius 25 for slab waveguides with asymmetrical distributions of refractive index. This result is obtained by requiring continuity of the tangential E ͑electric͒ and H ͑magnetic͒ fields at the different interfaces. Considering our slab structure, in which we have a silicon substrate, a thermal silicon dioxide buffer layer, and a HARE-deposited Gedoped silicon dioxide core layer and air as the upper cladding, the eigenvalue equation for the modal propagation constant ␤ is given by (1) where
and, for TE polarization, Here 0 ϭ 2 ͞ is the free-space wave number, where is the source wavelength, is the modal coefficient in the confining layers, t is the layer thickness, and the subscripts a, b, c, and s refer to the upper cladding ͑air͒, buffer layer, core layer, and substrate, respectively. The solutions were obtained by solving Eq. ͑1͒ numerically. The attenuation for unit length due to leakage, ␣ L , was obtained from the imaginary part of the complex propagation constant ͑␤ ϭ ␤ r ϩ i␤ i ͒, using ␣ L ϭ 2␤ i . Because most of the power is confined near the wide central region of the core, we use this ͑maximum͒ thickness, t c , in the analytic results to make a reasonable comparison. Figure 6 shows the theoretical leakage-loss results, plotted versus the core thickness, for the fundamental mode of TE polarization for each sample. The theoretical results are very sensitive to core thickness variations. For the typical t c values shown in Table  1 , the theoretical results show a variation of Ϯ20% in value.
An analytical expression for surface scattering loss due to interface roughness, Eq. ͑8͒ is an approximation derived by Tien 26 that is based on the Rayleigh criterion and that assumes a one-dimensional waveguide model with a pair of parallel interfaces. 21, 27, 28 For asymmetric waveguides ͑claddings with different refractive indices n i , where i ϭ 1, 2͒ the expression for attenuation ͑␣ S ͒ per unit length is
where ␤ is the longitudinal guided-mode propagation constant, 1 and 2 are the variances of the surface roughness for each interface, W is the distance between the interfaces considered ͑sidewalls or surfaces͒, 1 and 2 are the modal coefficients in the confining layers, and cos͑͒ ϭ ␤͑͞ 0 n 0 ͒. The propagation ␤ constants were determined by numerical analysis, 13 using the experimental parameters shown in Tables 1 and 2 , with refractive indices extrapolated to 1310-and 1550-nm wavelengths. Figure 7 shows the theoretical calculation results for interface scattering loss, plotted versus the core thickness, for the fundamental mode of TE polarization for each sample. The loss, in decibels per centimeter, is obtained by multiplying the attenuation per centimeter by 4.343. 18 The contribution of the volume scattering to the transmission loss cannot be predicted because the nature and distribution of the scattering centers within the guiding film are not readily available.
The theoretical results for leakage loss ͑see Fig. 6͒ show an extensive contribution of leakage to the transmission losses. The problem of high leakage loss in our samples is one of waveguide design. According to Eq. ͑1͒, for practical waveguide fabrication with negligible leakage loss ͑Ͻ0.01 dB͞cm͒, the buffer layer thickness should be Ն10 m for a 4.2-m-thick core layer. By subtracting the calculated leakage loss from the measured transmission losses, we obtain resulting transmission losses that are as low as 0.3 and 1.1 dB͞cm at wavelengths of 1310 and 1550 nm, respectively.
The theoretical results for scattering loss due to interface roughness show very low values, for both wavelengths and for both types of interfaces ͑sidewall and surface͒, as a result of the low interface roughness. However, the theoretical qualitative results for loss due to sidewall scattering are similar in shape to the experimental results. Assuming that the sidewall roughness measurements are correct, the discrepancy in magnitude can be interpreted as a result of the sidewall slope , which was not considered in Eq. ͑8͒. According to Deri, 21 a decrease in the sidewall slope ͑relative to a vertical sidewall of 90 deg͒ induces an increase in the scattering loss. In our samples these sidewall slopes are small, especially for sample B ͑t ϭ 2.9 m͒.
The sum of the calculated leakage and scattering losses is not sufficient to predict the total transmission loss in our samples. Other loss mechanisms Fig. 6 . Leakage loss to the substrate calculated from Eq. ͑1͒ and with the parameters shown in Table 1 . Fig. 7 . Surface and sidewall scattering loss calculated from Eq. ͑8͒ must be taken into account to reconcile this discrepancy. We believe that part of this additional loss arises from volume scattering that originates from small particles within the film and H contamination that could act as scattering centers. 22 Further investigation of the contamination sources will be necessary to fully understand all the loss mechanisms in HARE silica-based waveguides.
Conclusions
We have used the HARE plasma deposition system to successfully deposit at low substrate temperature ͑Յ200°C͒ thick layers ͑greater than a few micrometers͒ of good-quality silica and Ge-doped silica that are stable over time. The standard macroscopic film characterization techniques ͑ellipsometry, prism coupler, FTIR, SEM, and wet etch rate͒ show that the deposited films' feature thickness uniformity, refractive-index homogeneity, and material birefringence are compatible with those of similar films deposited by other CVD techniques and annealed at high-temperature, as currently used in photonics.
The loss-measurement results suggest that, for the deposition and etching processes used in this rib waveguide fabrication, the major sources of propagation loss are leakage to the substrate and film contamination ͑from small particles and H͒, although OH bonds were not detected by FTIR. This result suggests that a microscopic study of the structure of the plasma-deposited films needs to be carried out to lower the transmission loss at 1385 nm, to further reduce the birefringence, and to minimize particle formation.
Although the influence of sidewall roughness on light scattering is enhanced as a result of a decrease in the sidewall slope, it is not extensive at longer wavelengths, suggesting that, for optical tests, chemical etching is a reliable option for rib formation. The presence of the OH absorption peak at 1385 nm in the deposited films seems to be related to H contamination of the films deposited on the chamber walls, mostly due to the absence of load lock on the e-beam chamber ͑crucible refill͒ and on the process chamber ͑wafer loading͒.
